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In most calculations of hard particle suppression in heavy-ion reactions the hadronic stage has
been neglected due to formation time arguments. Most of the hard particle shower exits the
hot and dense medium before the system enters the hadronic evolution. In this contribution, a
first assessment within the hadronic transport approach SMASH (Simulating Many Accelerated
Strongly-interacting Hadrons) of rescattering effects on hard particles is presented. In particular,
it is shown that the hadronic energy loss depends on the particle species as well as the energy
of the probe. A parametrization for the 〈q˜〉 parameter as a function of temperature and particle
energy is given for pions. Overall, major effects of the hadronic stage are expected in the transverse
momentum range from2-10GeVand therefore jet sub-structure analysis and (hard-soft) correlation
observables might be affected.
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1. Introduction
Jets or showers of particles initiated by a hard parton are getting modified by the strongly-
interacting medium created in ultra-relativistic heavy-ion collisions. In that sense they serve as a
tomographic probe of the quark-gluon plasma [1, 2]. For any conclusion on medium properties and
a detailed understanding of the energy loss mechanisms a sophisticated dynamical description of
the medium is essential [3]. The standard picture for the evolution of heavy-ion reactions consists
of an initial non-equilibrium evolution that serves as an initial state for 3+1-dimensional viscous
hydrodynamic evolution followed by subsequent hadronic rescattering. Due to formation time argu-
ments most of the calculations for hard probes only consider the interaction with the hydrodynamic
evolution in the quark-gluon plasma phase and the hadronic effects have been neglected. This con-
tribution summarizes the findings in [4] to demonstrate how hard particles will be affected during
the late stage evolution. Other studies within hadronic transport approaches (HSD and UrQMD)
indicate that there might be significant modification of the transverse momentum spectrum in the
range of pT = 2 − 10 GeV by hadronic scattering [5, 6]. In this work, the hadronic transport ap-
proach SMASH-1.6 (Simulating Many Accelerated Strongly-interacting Hadrons) [7, 8] has been
employed to assess the effects of hadronic processes on particles with high transverse momentum.
2. Influence on jet shape observables
As a simplified scenario, an expanding sphere containing only pions or a full hadron gas is
used. Fig. 1 (left) shows the initial uniform radial distribution of particles as well as the final
distribution after the expansion.
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0  5  10  15  20  25  30  35  40
dn
/d
r[1
/fm
4 ]
r[fm]
Hadronen (0.1fm/c)
Hadronen (20fm/c)
Pionen (0.1fm/c)
Pionen (20fm/c)
10-4
10-3
10-2
10-1
100
 0 π/16 π/8
dp
/d
Ω [
%
 o
f G
eV
/s
r]
θ
Only pions (30mb)
Only pions (100mb)
All hadrons
pT=10GeV (π+) 
 r=10fm 
 t=250fm/c 
 T=0.15GeV
Figure 1: Left: Distribution of particles (pions or all hadrons) in a sphere of radius r = 20 fm at initial and
final time of the evolution. Right: Comparison of jet shapes in an expanding sphere with only pions and
fixed cross-section to the full hadron gas (taken from [4]).
The density of particles differs by a factor of two due to initialisation with multiplicities that
correspond to a temperature of T = 150 MeV which is a typical switching temperature in hybrid
approaches. The spherical expansion is calculated once with the hard particle and once without it to
allow for easy subtraction of background. In Fig. 1 (right) only the angular distribution associated
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Figure 2: Scatter plot of the cross-sections for the binary scatterings of pions (left) and protons (right) as a
function of transverse momentum transfer.
with the hard particle is shown. For a pion with pT = 10 GeV there is significant broadening
already for a small cross-section of σ = 10 mb. The main interesting observation is that a pion
gas with fixed cross-section of σ = 100 mb corresponds roughly to a full hadron gas at the same
temperature.
3. Extraction of jet quenching parameters
To extract the transport coefficient associated with jet quenching, namely the transverse mo-
mentum difference per unit length, qˆ, an infinite matter simulation in a box with periodic boundary
conditions has been performed. A full hadron gas with all degrees of freedom available in SMASH
has been generated at a temperature of T = 150 MeV. Fig. 2 indicates the different types of
processes that a pion (left) and a proton (right) with pT = 10 GeV encounter. In kinetic theory, qˆ
is calculated from a weighted integral of the differential cross-section as a function of transverse
momentum transfer dσ
dq2⊥
. This is impossible in our calculation, since only the size of the total
cross-section decides over the probability for scatterings. There are different clusters of reaction
types independent of q⊥ and for protons and pions the reactions with other baryons are largest.
The species dependence of the total cross-sections translates in correspondingly different mean
distances to the first interaction shown in Fig. 3 (left). Since most of the reactions are inelastic, we
cannot follow the particles through several interactions, but have to restrict our analysis to the first
interaction that happens. Strange particles have in general smaller cross-sections and therefore the
mean free path is largest for kaons. Fig. 3 (right) shows the temperature dependence of the average
momentum transfer transverse to the direction of movement of the hard pion. The higher the initial
energy of the probe the more momentum is available to be lost in the collisions.
Finally, by dividing the mean transverse momentum transfer by the mean free path results in
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Figure 3: Left: Mean free path of first collisions as a function of temperature for a pion with 10 GeV energy.
Right: Squared average momentum transfer as a function of temperature for different probe energies (taken
from [4]).
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Figure 4: Slices through the two-dimensional function of q˜ as a function of temperature for different
transverse momenta of the pion (taken from [4]).
the quantity
q˜ =
q2⊥
λmfp
(1)
as a coefficient that quantifies the hadronic energy loss. Fig. 4 indicates how the temperature
and probe energy dependence of q˜ can be parametrized. More details on the 2-dimensional
parametrization as well as results for the longitudinal momentum transfer can be found in [4]. The
extracted values are on the order of 20-30 % of the typical values for qˆ that are reported from
partonic calculations.
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4. Conclusion and Outlook
The results presented here are ready to be used within a probabilistic energy loss approach in
the hadronic stage, when it is described by hydrodynamics. In the future, it would be interesting to
feed the hadrons from medium modified jet showers in the hadronic afterburner to investigate the
consequences on observables. In general, the largest influence of hadronic rescatterings is expected
in the transverse momentum range of pT = 2 − 10 GeV and therefore, substructure and correlation
observables will be most affected. A major open question that is beyond the work presented here is
how to properly address the interactions of partons with hadrons, when a parton propagates through
a hadronic environment, which is also relevant for future EIC studies.
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